Background: Studies of the health effects of non-asbestiform asbestos minerals remain inconclusive. Nephrite is a type of nonasbestiform tremolite mineral. We assessed the risk for pulmonary fibrosis in workers who process nephrite. Methods: A cross-sectional study that included 344 stone workers and their families was undertaken in Taiwan in 2010. The diagnostic criteria for pulmonary fibrosis included (1) radiographic fibrosis profusion of 1/1 or greater and (2) audible lung crackles confirmed by physician. The nephrite samples were analyzed using polarized light and transmission electron microscopy combined with selected-area electron diffraction and energy-dispersive x-ray spectroscopy. Results: After excluding 16 subjects with histories of tuberculosis or previous employment in metal casting and welding, as well as 23 family members who had not worked in the stone industry, we analyzed 305 subjects. Processing nephrite increased the risk for pulmonary fibrosis (odds ratio = 2.8 [95% confidence interval = 1.0-9.9] and unchanged after adjustment for age and smoking). Bulk sample analyses showed that the nephrite is a tremolite mineral composed of both asbestiform and non-asbestiform components. The cat's-eye nephrite had the highest asbestiform fibrous content, and the average length and aspect ratio of elongated mineral particles were the highest of all the nephrite types. Compared with workers processing other types of nephrite, workers processing cat's-eye nephrite had the highest risk for pulmonary fibrosis. Conclusion: Processing non-asbestiform tremolite mineral may increase the risk for pulmonary fibrosis. Medical monitoring is warranted for workers with such exposure.
A sbestos is a collective term that describes a variety of certain silicates classified into two groups: (1) the serpentine group, which includes chrysotile asbestos and antigorite; and (2) the amphibole group, which includes the crocidolite, amosite, anthophyllite, tremolite, and actinolite forms of asbestos. Asbestiform asbestos displays unidirectional crystalline growth that produces long, thin fibrils, whereas nonasbestiform asbestos has nonunidirectional crystalline growth and appears as a rock. 1, 2 Asbestiform asbestos minerals are known as an occupational and environmental hazard because they have been associated with asbestosis, mesothelioma, and lung cancer. 3 However, the health risks of the non-asbestiform asbestos minerals remain inconclusive. A U.S. National Institute for Occupational Safety and Health (NIOSH) 2009 review of research on asbestos stated that existing studies of non-asbestiform asbestos minerals were not sufficient to determine their health risk. 4 Nephrite is a form of non-asbestiform tremolite mineral known as jade and is crafted into jewels or decorations since ancient times. There are several nephrite mines in Hualien, a rural area in eastern Taiwan. 5 The stone industry is important in Hualien, and some workers process nephrite. We hypothesized that destruction of non-asbestiform tremolite minerals may generate both asbestiform fibers and nonasbestiform elongated mineral particles and could cause lung diseases. The objective of this study was to assess the risk for pulmonary fibrosis in workers who process nephrite.
METHODS

Study Design and Population
This cross-sectional study was based in an occupational health program for small-and medium-sized stone-processing enterprises funded by the Taiwan Council of Labor Affairs between 2008 and 2010. 6 All stone workers in Hualien were eligible for the program which included a health examination. We invited (by mail) 1902 members of the stone union in Hualien to enroll in the program, and a total of 344 subjects accepted. All received chest x-ray examinations.
We made at least three phone calls to each nonrespondent to clarify the reasons for nonparticipation. Among the nonrespondents, 43% could not be contacted, 30% had conflicts with our scheduled times, 8% were receiving regular health examination and had no desire to be examined again, 2% could not receive an examination due to frailty, 1% believed that they were healthy and did not wish to receive an examination, <1% could not receive an chest x-ray examination due to pregnancy, <1% responded that the examination did not meet their needs, and 17% gave no reason. Reasons for nonparticipation were unrelated to existing lung diseases.
Outcome
Asbestos-related lung cancers have long latency, and so we chose pulmonary fibrosis as our end point for study. Because fibrotic changes in imaging are not well correlated with clinical symptoms and may not have clinical meaning, and because lung crackles are an important manifestation of asbestos-related pulmonary disease, we used both criteria to increase the diagnostic accuracy. Specifically, we defined pulmonary fibrosis as radiographic fibrosis profusion of 1/1 or greater plus audible lung crackles confirmed by a physician.
Walk-through Survey
A total of 47 walk-through surveys of stone-processing workplaces were completed to provide a general risk assessment of the industry between 2006 and 2009. The types of jobs, work environment, processing procedures, materials used in each procedure, and final products were recorded. The reports were discussed in expert committees that included occupational medicine physicians, industrial hygienists, public officers of labor affairs, and labor leaders.
Bulk Sample Analysis
Because the names of these stones are not standardized, we asked experienced stone workers and mineralogists to identify the mineral names and the place of origin of the common stones collected at workplaces. Representative samples were identified using x-ray diffraction (model: Bruker D8 Advance, Bruker AXS, Madison, WI) and quantitatively analyzed using Siroquant and Topas software in a qualified laboratory. Bulk samples of nephrite were collected from a nephrite-processing factory.
For our purposes, "fiber" was defined as an intact, elongated crystalline mineral with edges that run parallel along the crystal edge. In contrast, a "cleavage fragment" was defined as an elongated mineral particle with only quasi-crystalline construction or edges that show breakage, weathering, undulations, or damage due to stress. Use of the term "asbestiform" implies a particular type of fiber with high tensile strength and flexibility, and fragments lacking this feature were considered to be "non-asbestiform."
We used a clean scalpel to scrape material from nephrite surfaces. Samples were then analyzed using polarized light microscopy and transmission electron microscopy combined with selected-area electron diffraction and energy-dispersive x-ray spectroscopy in accredited laboratories that comply with the international quality assurance standard accepted by the National Voluntary Laboratory Accreditation Program.
Polarized Light Microscopy Analysis
The samples were initially examined with a stereomicroscope at various magnifications using oblique illumination in accordance with method EPA-600/R93-116. 7 This examination provided information about the fibrosity of the samples and facilitated their preparation for polarized light microscopy analysis. Representative subsamples were obtained from each sample, and preparations were made using series E HD 1.605 refractive index liquids. The preparations were then examined by polarized light microscopy.
Transmission Electron Microscopy Analysis
Transmission electron microscopy analysis was conducted using qualitative techniques approved by the EPA-600 R93-116 Sec 2.5 and other federal guidelines found within 40CFR 763-Subpart E, App A. 8 Homogenized samples were placed in an aqueous suspension, and representative aliquots were filtered onto a 0.45-µm mixed cellulose ester filter. The samples were introduced into Hitachi H-600AB Transmission Electron Microscopes using an EVEX Energy-Dispersive x-ray detector. Although selected-area electron diffraction was used to determine crystalline unit cell orientation, the positive mineral identifications relied primarily on the chemical component profiles obtained from the energy-dispersive x-ray analyses. The breakdown of these chemical profiles for elongated particles was compared with NIST SRM 1867a Tremolite, and the results were normalized to values obtained for silicon. The point-counting technique was used to determine the relative concentrations of asbestiform to non-asbestiform components.
Questionnaire
In-person interviews were conducted between September 2009 and September 2010. The subjects' occupational histories (including the name of company, type of job, and duration of employment) were checked against labor insurance records. The questionnaire included the following:
1. Occupational history of stone working. Pictures of the common stones were shown to participants, who were asked how often they processed these stones. The frequency of exposure was graded as never, seldom (less than once per week), and frequently (equal or greater than once per week). Workers were asked about the type of job, tasks, and products made. Participants were also asked the year they started and ended and about the actual cumulative years at a specific type of job, the average hours worked daily, the average workdays per week, and the use of water at processing stones (ie, dry, wet, or both). 2. Environmental history. The intensity of the subjects' dust exposure was categorized as no dust, mild dust (ie, dust on desks of workplace, but no visible dust in the air), or severe dust (ie, both dust on both desks and in the air).
3. Other occupational history except stone works. Participants were asked complete occupational history, including 24 types of jobs that might be associated with pulmonary fibrosis. 9 A history of cigarette smoking was also obtained.
Validation of Questionnaire and Interviewer Training.
An expert committee including occupational medicine physicians and industrial hygienists drafted the questionnaire, which was then examined by expert stone workers and leaders of the stone union and pretested with 10 stone workers. Any ambiguity in the pretest was discussed and corrected.
Medical Examination and Medical History
All participants first received the questionnaire survey, with the health examination scheduled 3 months later. The health examination included a physical examination conducted by a physician and a chest x-ray (computed radiography FCR XG5000, Fuji Photo Film, Tokyo, Japan). One occupational physician performed all physical examinations with no knowledge of the subjects' occupational exposure histories, including type of stone used. Cardiac or major systemic diseases that might cause shortness of breath were recorded. Breath sounds were examined while the subject was sitting, and the stethoscope was used without contact with cloth. An electronic stethoscope (Model 4100, 3M, St. Paul, MN) was used to detect lung crackles. The physician inquired about symptoms, signs, treatments, or any hospital visits and examined the subject's hospital records to confirm the diagnosis of past diseases. The physician also recorded the subject's age at disease onset and used the ATS-DLD-78-A questionnaire to obtain symptoms and personal and family medical histories of lung diseases. 10
Case Ascertainment
Chest x-rays were read in a single-blinded manner by one qualified occupational physician with no knowledge of the subjects' occupational exposures and medical histories. The International Labor Office (ILO)/International Classification of Radiographs of the Pneumoconioses (ICRP) 2000 standardized films were digitized and displayed on the same screen as the chest x-rays using the Picture Archiving and Communication System with standardized quality parameters (Centricity Enterprise Web 3.0, General Electric Company, Fairfield, CT). Reports were recorded in the standard roentgenographic interpretation format of the NIOSH Coal Workers' Health Surveillance Program.
Exclusion Criteria
We excluded subjects with other fibrotic lung disease or an occupational history that might relate to pulmonary fibrosis other than stone work. Exclusion criteria included the following: (1) a history of pulmonary tuberculosis; (2) having worked for >10 years in tunnel construction, a sandstone factory, a cement factory, as a fireman, in a pottery factory, casting metals, or welding; (3) having other occupational history that might include contact with asbestos; and (4) family members of the stone union workers who had not themselves worked in the stone industry.
Statistical Analysis
Because cigarette smoke can impair particulate clearance from the bronchial region, 11 odds ratios (ORs) for pulmonary fibrosis in each type of stone exposure were adjusted for age and pack-years of smoking using multivariate logistic regression. In regression analyses, workers exposed to specific types of stone were compared with all other stone workers. We also stratified the cumulative exposure duration into <10, 10-19, and ≥20 years, with exposure <10 years as the reference. In addition, we applied a time-series analysis to incorporate into the statistical model past longitudinal data, including the start and end of stone work and the end of follow-up, with the assumption that the probability that follow-up would be censored was independent of the probability that the worker would develop pulmonary disease. Cox proportional hazard modeling was used to adjust for the effects of smoking and age. Statistical calculations were performed using SAS 9.2 software (SAS Institute Inc., Cary, NC). The study protocol was approved by the Ethics Committee of the Buddhist Tzu Chi General Hospital, and subjects provided informed consent.
RESULTS
A total of 344 workers were enrolled. From these, we excluded six subjects with physician-confirmed medical histories of pulmonary tuberculosis, three with occupational histories of metal casting for >10 years, nine with >10 years of welding experience (including one who also had pulmonary TB and one with an occupational history of metal casting for >10 years), and 23 family members, leaving 305 workers for final analysis. The mean age was 51.4 (SD = 8.4) years. In the group that processed nephrite, the mean age was 50.3 (8.1) years, the duration of work in the stone industry was 19.7 (11.6) years, and 47% of nephrite workers had worked >20 years (Table 1) . A higher proportion of workers had used the wet procedure in the processing of nephrite jades, chalcedony gems, or small decorations.
A total of 64 subjects (21%) had a pulmonary fibrosis profusion of 1/1 or greater, and 17 (6%) had pulmonary crackles. Nine subjects (3%) had pleural plaques or thickening, and there was one case of lung cancer.
In analyses by type of job, "processing nephrite" had an increased risk for pulmonary fibrosis, with a crude OR of 2.8 (95% confidence interval [CI] = 1.0-7.9) and an OR of 2.9 (0.9-9.2) after adjusting for age and pack-years of smoking. In analysis by type of stone, the adjusted ORs for processing dark green nephrite, waxy nephrite, and cat's-eye nephrite were 3.4 (1.2-9.9), 4.0 (1.2-13.9), and 6.3 (2.1-18.7), respectively.
When we stratified by cumulative exposure, risks were increased for processing both kinds of nephrite (dark green and cat's-eye), and the associations were independent of age and cigarette smoking ( Table 2) . We incorporated past longitudinal data, including the start and end of stone work, cumulative years of stone work, and end of follow-up, into Cox regression modeling. Processing cat's-eye nephrite increased the risk for pulmonary fibrosis (adjusted hazards ratio = 2.8 [95% CI = 1.0-7.7]) ( Table 3) .
The polarized light microscopy examination showed that nephrite samples were composed of microcrystalline asbestiform tremolite-actinolite minerals. The chemistry of the fibers and fragments was consistent with that of tremolite asbestos mineral (eAppendix, http://links.lww.com/EDE/ A613). These images showed a graduation of fibrosity and asbestiform morphology, with dark green nephrite being the least asbestiform, followed by waxy nephrite and then cat's-eye nephrite (the most asbestiform). In transmission electron microscopy analyses, >90% of the nephrite material was elongated mineral particles. The ratio of cleavage fragments to intact asbestiform fibers was 90:10 for dark green nephrite, 60:40 for waxy nephrite, and 50:50 for cat'seye nephrite. The distribution of elongated mineral particles' length and width and the aspect ratio of different types of nephrites are shown in the Figure. The mean aspect ratios (length to width) of all elongated mineral particles examined were 11:1 for the dark green nephrite, 14:1 for the cat's-eye nephrite, and 12:1 for the waxy nephrite.
DISCUSSION
To the best of our knowledge, this is the first formal epidemiologic study to evaluate the occupational health effects of processing non-asbestiform tremolite minerals. Although most amphibole groups of asbestos minerals are regarded as non-asbestiform, we find evidence that destroying non-asbestiform mineral tremolite releases both non-asbestiform cleavage fragments and asbestiform fibers. Workers who processed non-asbestiform mineral tremolite had an increased risk for pulmonary fibrosis.
Limitations
Although the results suggest an association between non-asbestiform tremolite minerals and pulmonary fibrosis, this cross-sectional study has limited value for establishing a temporal relationship between exposure and outcome. Recall bias cannot be ruled out in this study, and we used two methods to address this possibility. The first was to require subjects to provide labor insurance records, which were checked against self-reported occupational histories. The second was to obtain exposure history before the health examination. Workers presumably did not know whether they had pulmonary fibrosis at the time of the questionnaire, given that early fibrotic changes seldom cause symptoms. The sum of all the types of work is greater than the number of study subjects because some workers held more than one type of job. b Never smoked means fewer than 20 packs of cigarettes in a lifetime or less than one cigarette per day for one year.
Identification of Pulmonary Fibrosis
The prevalence of fibrotic profusion of 1/1 or greater was 21%. The increased prevalence might be attributable to dust exposure; however, it may also be associated with image resolution. The ILO protocol for recognizing pneumoconiosis requires physicians to compare the chest film side by side with standard analog radiographs. However, most hospitals in Taiwan use digital images. To compare the ILO/ICRP standard radiographs with the chest x-rays, ILO/ICRP standard radiographs were digitalized and displayed side by side with the digital chest x-rays. Resolution of the digitalized standard radiographs (960 × 1280 pixels) was lower than that of the digital chest x-rays (maximum resolution using the PACS system was 4280 × 4280 pixels). Thus, any fibrotic changes will be more easily identifiable in our study subjects, which will increase the prevalence of radiographic fibrosis. The diagnosis of pulmonary fibrosis in our study did not rely solely on the imaging findings, however. Because fibrotic changes in imaging are not well correlated with clinical symptoms and lung crackles are an important manifestation of asbestos-related pulmonary disease, 12 we also required detection of audible lung crackles confirmed by a physician. Also all chest x-rays and lungcrackle auscultations were assessed by one qualified occupational physician who was blinded to workers' exposures or disease history.
Strengths of the Study
We collected detailed personal exposure histories. Because there were no past measurement data, we conducted walk-through surveys for each type of stone industry and discussed exposure with experienced workers and mineralogists. Most stone industries are small businesses where workers use basic equipment; there have been no important changes in processing methods during the time that most of the study subjects were employed at these industries. Exposure information was reconstructed using a questionnaire that had been validated by experienced stone workers and industrial hygienists. The questionnaire allowed us to estimate the exposure information more precisely than would have been possible with employment records.
Dimension Properties of Elongated Mineral Particles and Lung Diseases
The degree of asbestiform components and the dimensions of elongated mineral particles were associated with the risk for lung disease. Nephrite is a tremolite mineral composed of a felted rock of minute fibrous crystals. Its color and luster are related to its fibrous characteristics, which is highest in cat's-eye nephrite, followed by the waxy and dark green varieties. The cat's-eye nephrite had the highest proportion of asbestiform fibers, and its average elongated mineral particles' length and aspect ratio were the highest among the various types. Compared with workers who process other types of nephrite, the workers processing cat'seye nephrite had the highest risk for pulmonary fibrosis. Although our study outcome was pulmonary fibrosis, this finding was consistent with the generally accepted concept that long and thin asbestos fibers are more responsible for the carcinogenic effects. 13, 14 Pulmonary fibrosis is associated with tumor necrosis factor-α released by alveolar macrophages, 15 and long fibers are more potent in inducing tumor necrosis factor-α release. 16 This study provides evidence that the percentage of asbestiform component, fiber length, and aspect ratio of nephrite play an important role in its fibrogenic potency.
Epidemiologic Studies of Non-asbestiform Asbestos Mineral
Asbestiform tremolite mineral is a known human carcinogen. [17] [18] [19] [20] [21] However, Gamble and Gibbs 22 reviewed the health effects of non-asbestiform tremolite in New York talc miners and suggested that non-asbestiform amphibole does not increase the risk for lung cancer or mesothelioma. Ilgren 23 reviewed the properties of non-asbestiform cleavage based on animal and epidemiologic studies and concluded that cleavage fragments are not carcinogenic. Our study outcome was pulmonary fibrosis, not cancer; however, it is reasonable to suspect potential carcinogenetic effect of nephrite.
Mixed Dust Exposure
We cannot rule out the possibility that the observed risks associated with stone work may have resulted from exposure to other stone, especially when some workers may have used several types of stone. Based on our observations in the walkthrough survey, however, processing nephrite requires more artistic skill than processing other types of stone. Nephrite workers usually process only nephrite, and the potential confounding from mixed dust exposure should be relatively small. In the nephrite workers with a radiographic fibrotic profusion of 1/1 or greater, the diffuse opacities presented irregularly in the imaging (s, t, u) and predominantly affected the lower lungs bilaterally (83%, 19/23). It is more likely that fibrosis was caused by asbestosis than by silicosis. The U.S. Occupational Safety and Health Agency has found insufficient evidence that exposure to non-asbestiform tremolite mineral places employees at significant risk and has determined that non-asbestiform tremolite mineral should not be regulated in the asbestos standards. 24 Our results indicate that the role of non-asbestiform tremolite mineral is not entirely clear. The current opinion that non-asbestiform asbestos mineral is harmless should be reconsidered.
In conclusion, workers who processed non-asbestiform tremolite mineral had increased risk for pulmonary fibrosis. Appropriate medical monitoring is warranted for workers with similar exposures.
